By multiplex reverse transcription-PCR, we demonstrate that the SoxRS response, which protects cells against superoxide toxicity, is triggered also by hydrogen peroxide. SoxR-dependent inductions of 7.3-, 7.6-, 4.6-, 2.2-, and 2.6-fold were quantified for soxS, micF, sodA, inaA, and fpr transcripts, respectively. This finding suggests an extensive and tight connectivity between different regulatory pathways in the Escherichia coli response to oxidative stress.
tension analyses. Here, we used this sensitive experimental approach to investigate if H 2 O 2 is able to trigger the expression of the SoxRS regulon, in order to better define the coordination between the OxyR and SoxRS regulatory networks of Escherichia coli.
H 2 O 2 induces sodA transcription. The putative activation of the SoxRS regulon by H 2 O 2 was first investigated by examining the expression of the sodA gene in wild-type cells exposed to a wide range of H 2 O 2 concentrations (varying from 0.25 to 1,000 M) (Fig. 1) . While the lower-dose treatments (from 1 to 100 M H 2 O 2 ) induced specifically the transcription of selected OxyR-regulated genes (katG, dps, ahpCF, gorA), the higherdose treatments (Ն500 M H 2 O 2 ) resulted in the activation of sodA. In contrast with previous data (14) concentration (M) indicated in the abscissa. Samples were collected immediately (Ͻ1 min) after the addition of the oxidant. RNA purification, cDNA synthesis, and multiplex PCRs were carried out as described previously (7) . An exogenous fragment of the gene (CYP1A) coding for cytochrome P4501A from Liza aurata (9) was coamplified with the target genes and the reference gapA gene. The fluorescence signal of each PCR product was compared to that of CYP1A (noncompetitor heterologous standard). Data were from an average of eight multiplexed PCR amplifications. Values from treated samples were divided by those from the corresponding control (unexposed bacteria). Statistical comparisons were done by an analysis of variance test. Significant increments are indicated by filled-in symbols. and 4.7-fold were readily seen for sodA mRNA in response to 500 and 1,000 M H 2 O 2 , respectively, immediately after the addition of the oxidant (Fig. 1) .
In previous studies (2, 7, 9) , the amounts of the mRNAs of interest were determined with reference to the mRNA level of the gapA gene (used as an internal standard), which codes for a key enzyme of the glycolytic and gluconeogenesis pathways (D-glyceraldehyde-3-phosphate dehydrogenase). As discussed elsewhere (M. Manchado, C. Michán, M. Cousinou, G. Dorado and C. Pueyo, unpublished data), it cannot be taken for granted that the so-called housekeeping gene will maintain a steady level of expression under all circumstances. Indeed, we observed a small (Յtwofold), though statistically significant, increase in gapA transcription in response to Ն500 M H 2 O 2 . Thus, to circumvent possible underestimations of transcriptional inductions, all data in this work were compared to an external standard. A noncompetitor heterologous standard was used for Fig. 1 , and a competitor homologous standard was used for Fig. 2 and 3 . As described elsewhere (M. Manchado, C. Michán, M. Cousinou, G. Dorado and C. Pueyo, unpublished data), both types of external standards are equally useful for monitoring changes in the expression levels of the genes, but the competitor has the additional advantage of using the same pair of primers that amplifies the reference gene.
SoxRS regulon activation by H 2 O 2 depends on SoxR. The results above and the particularly complex multiregulated transcription of sodA (13) prompted us to investigate the effect of H 2 O 2 treatment on the expression of other SoxRS-regulated genes, such as soxS, micF, inaA, and fpr ( Fig. 2 and 3 ). H 2 O 2 at a 100 M concentration increased instantaneously the transcript levels of soxS and micF (Fig. 2) , whereas 5-to 10-foldhigher concentrations were required to induce significantly the sodA expression ( Fig. 1 and 2) . Nonetheless, significant increments in sodA transcription and also in inaA and fpr transcription were observed when bacteria were exposed to 100 M H 2 O 2 for 10 min (Fig. 3) . These results clearly demonstrate that H 2 O 2 stress conditions that are regularly used to induce the OxyR response (e.g., references 1, 12 and 17) strongly activate the in vivo transcription of the SoxRS regulon. Therefore, induction levels of 7.3-and 7.6-fold (Ͻ1 min of treatment) and of 4.6-, 2.2-, and 2.6-fold (10 min of treatment) were quantified for soxS, micF, sodA, inaA, and fpr, respectively, in response to 100 M H 2 O 2 (Fig. 3) . Interestingly, the activation of the SoxRS-regulated genes by H 2 O 2 was seen concomitantly with a decline in the amounts of the OxyR-regulated transcripts (e.g., the katG transcript levels shown in Fig. 2) . Samples were collected immediately (Ͻ1 min) or at 10 min after the addition of H 2 O 2 . The fluorescence signal of each PCR product was compared to that of a competitor homologous standard (gapA*). See the legends to Fig. 1 and 2 for more details.
the strain with the ⌬oxyR::kan mutation (6), indicating that OxyR is not involved in the SoxR-mediated response to H 2 O 2 . In fact, generally, the induction ratios of the SoxRS-regulated genes by H 2 O 2 were somewhat higher in the ⌬oxyR::kan mutant than in the wild-type strain, which might be attributed to the inability of OxyR-defective bacteria to induce katG transcription (7), i.e., the H 2 O 2 breakdown catalyzed by hydroperoxidase I.
The activation of the SoxRS regulon by H 2 O 2 stress in a SoxR-dependent manner might be an indirect result, depending on the formation of an H 2 O 2 -generated signal that is sensed by SoxR rather than on H 2 O 2 itself. In fact, a crucial unanswered question concerns the nature of the signal(s) sensed by SoxR. Another possibility is that H 2 O 2 somehow could interfere with the unknown system that keeps SoxR in its reduced, inactive form in vivo, e.g., by depleting the electron source for the recently discovered SoxR reductase (5) . Indeed, we have demonstrated (9) that both glutaredoxin and thioredoxin pathways, which consume NADPH, are triggered in the OxyR-mediated response to H 2 O 2 . Whatever the mechanism, the H 2 O 2 -mediated induction of the SoxRS response may reflect the existence of multiple pathways for SoxR activation and deactivation, as discussed by others (3). This versatility would let the SoxR system respond to a wide range of environmental and intracellular changes indicative of possible oxidative stress. The multiplex reverse transcription-PCR methodology used in this work for quantification of transcription will be of relevance in further experiments. Nevertheless, quantifications at the protein level will also be necessary in order to unravel the relationships between mRNA production and protein synthesis.
M.M. and C.M. contributed equally to this paper, and both should be considered first authors.
This work was supported by grant PB98-1627 (DGES) and by Junta de Andalucía (group CVI 0187). M.M. was the recipient of a predoctoral fellowship from the Spanish Ministry of Education and Culture (MEC).
